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ABSTRACT A diet high in fiber is associated with a
decreased incidence and growth of colon cancers. Butyrate, a
four-carbon short-chain fatty acid product of fiber fermenta-
tion within the colon, appears to mediate these salutary
effects. We sought to determine the molecular mechanism by
which butyrate mediates growth inhibition of colonic cancer
cells and thereby to elucidate the molecular link between a
high-fiber diet and the arrest of colon carcinogenesis. We show
that concomitant with growth arrest, butyrate induces p21
mRNA expression in an immediate-early fashion, through
transactivation of a promoter cis-element(s) located within 1.4
kb of the transcriptional start site, independent of p53 bind-
ing. Studies using the specific histone hyperacetylating agent,
trichostatin A, and histone deacetylase 1 indicate that growth
arrest and p21 induction occur through a mechanism involv-
ing histone hyperacetylation. We show the critical importance
of p21 in butyrate-mediated growth arrest by first confirming
that stable overexpression of the p21 gene is able to cause
growth arrest in the human colon carcinoma cell line, HT-29.
Furthermore, using p21-deleted HCT116 human colon carci-
noma cells, we provide convincing evidence that p21 is re-
quired for growth arrest to occur in response to histone
hyperacetylation, but not for serum starvation nor postcon-
f luent growth. Thus, p21 appears to be a critical effector of
butyrate-induced growth arrest in colonic cancer cells, and
may be an important molecular link between a high-fiber diet
and the prevention of colon carcinogenesis.

Cancer of the colon is the third most common cancer in the
United States and the second leading cause of death from
cancer, affecting both men and women equally (1). Numerous
epidemiological and experimental studies have identified an
association between a high-fiber diet and a decreased inci-
dence and growth of colon cancer (2). It appears that the key
to these protective effects of dietary fiber lie in the production
of butyrate by bacterial fiber fermentation within the colon.
Butyrate, a four-carbon short-chain fatty acid, is a natural
component of the colonic milieu and has been shown to inhibit
the growth of colonic carcinoma cells, both in vivo, as in the
prevention and decreased growth of chemically induced co-
lonic cancers in the rat (3), and in vitro in many colorectal
cancer cell lines such as HT-29 and LIM1215 (4, 5). Interest-
ingly, the concentrations of butyrate that cause growth inhi-
bition in vitro are similar to those measured within the
mammalian colon (6).

Although the molecular mechanisms by which butyrate
mediates its effects are not well understood, it is known to
induce a variety of changes within the nucleus, including
histone hyperacetylation and DNA methylation (7, 8). Of these
changes, histone hyperacetylation has been the most exten-
sively studied. Core histones, which package DNA into nu-

cleosomes, can be acetylated on the «-amino groups of specific
lysine residues of the N-terminal tails. Acetylation and
deacetylation are catalyzed by specific enzymes, histone acetyl-
transferase and deacetylase, respectively, with the net level of
acetylation controlled by an equilibrium between these two
enzymes. Butyrate causes histone hyperacetylation through a
noncompetitive and reversible inhibition of histone deacety-
lase (9). Histone hyperacetylation generally has been associ-
ated with both a decrease in cell growth and the activation of
specific genes (10, 11), effects similar to those of butyrate.
Effects of butyrate attributable to histone hyperacetylation can
be assessed by comparing the effects of butyrate to those of
(R)-trichostatin A (TSA), a compound structurally unrelated
to butyrate, which has been shown to be a very potent and
specific inhibitor of histone deacetylase at very low concen-
trations (12).

In a variety of cell types, butyrate and specific histone
hyperacetylating agents (such as TSA and trapoxin) have been
shown to cause a G1 cell cycle arrest (13–15), in addition to
inducing differentiation characteristics. The cyclin-CDK in-
hibitor, p21, also is known to exert a G1 cell cycle arrest in
response to a variety of stimuli, e.g., by DNA damage, in a
p53-dependent fashion (16), or during mammalian develop-
ment and cellular differentiation, by p53-independent path-
ways (17, 18). Because p21, butyrate, and histone hyperacety-
lation all are associated with a G1 cell cycle arrest, we sought
to determine whether growth inhibition of human colonic
cancer cells by butyrate was mediated by the p21 cell cycle
inhibitor and whether this process involved histone hyperacety-
lation. Here, we present evidence that p21 expression is
induced by butyrate through a process involving histone hy-
peracetylation, and that p21 is required for butyrate-mediated
growth arrest in colon carcinoma cells.

MATERIALS AND METHODS

Cell Culture. HT-29 cells were purchased from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA).
HCT116 (1y1), (1y2), and (2y2) cells were kindly provided
by B. Vogelstein (Johns Hopkins University School of Medi-
cine, Baltimore) (19). Experiments were performed on cells at
80% confluence, and the media were changed 24 hr before the
start of each experiment. Cells were treated with various
concentrations of sodium butyrate (NaBu) or TSA as indi-
cated. Some cells were treated concomitantly with the protein
synthesis inhibitor, cycloheximide (10 mgyml). Some cells were
also serum-starved or grown to 2 weeks postconfluence.

Northern Blot Analyses. Total RNA was extracted by using
the guanidinium thiocyanate method (20). Northern blot
analyses were performed by loading 20 mg RNA in each lane
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of an agaroseyformaldehyde gel, separating by gel electro-
phoresis, transferring to nitrocellulose membranes, and baking
for 2 hr at 80°C. 32P-radiolabeled cDNA probes (random
primer method, ref. 21) were made specific for p21, a 1.009-kb
XhoIyEcoRI fragment derived from the human Cip1 cDNA
(ATCC), and actin, a 1.0-kb PstI fragment derived from the
mouse b-actin cDNA (22). Conditions of hybridization were:
53 standard saline citrate (SSC)y50% (volyvol) form-
amidey1% (wtyvol) SDS at 42°C. Washing conditions were:
23 SSCy0.1% SDS at 50°C.

3H-thymidine Assay. Cells were seeded in six-well plates at
equal density. Some cells were treated 48 hr later with NaBu
or TSA and others were serum-starved or grown to 2 weeks
postconfluence. Six hr before the assay, 3H-thymidine was
added to the media at a concentration of 1 mCiyml. Cells were
washed with PBS, treated with 5% trichloroacetic acid, and
lysed with NaOH. Counts of cell lysates were measured by
scintillation scanning and normalized for total protein content
(Bradford assay).

DNA Transfer. Both transient and stable transfections were
accomplished by using the CaPO4yDNA coprecipitation tech-
nique (Stratagene). For transient transfection studies, to ex-
amine the effects of histone hyperacetylation on the p21
promoter, HT-29 cells were transfected with 10 mg of the
murine p21CAT plasmid or empty vector (17), 2y1 the
histone deacetylase enzyme expression plasmid, pBJ5-
HDAC1, or empty vector (23). Cells were then treated with 65
mM NaBu or 0.3 mM TSA for 24 hr, then harvested, and total
protein was isolated. Chloramphenicol acetyltransferase
(CAT) assays were carried out with 100 mg of protein, using the
Stratagene FlashCAT kit, and reaction products were sepa-
rated by thin layer chromatography. Fluorimetric analyses of
reaction products were performed and resulting numerical
values were compared for each group. For control purposes,
cells were transfected with 10 mg of pSVCAT or the thyroid
hormone-responsive pTK14AACAT (24) 2y1 HDAC1, and
the TK14AACAT cells then treated with 610 mM thyroid
hormone (T3). Cotransfections with a pTKGH plasmid were
used to control for transfection efficiency. For stable trans-
fections, HT-29 cells were transfected with an expression
plasmid encoding the neomycin resistance gene (pSV2-neo,
ATCC) andyor the human p21 gene (pCMV-Cip1, ATCC).
Pooled stable transfectants were selected based on growth in
G418 media. Experiments were repeated with at least three
different pools of transfectants to verify the results.

Data Analysis. Relative changes in mRNA levels on North-
ern blots were assessed by laser densitometry of the autora-
diograms and normalized for actin mRNA. Statistical analyses
were carried out by using the Student’s unpaired t test, P ,
0.05, considered statistically significant.

RESULTS

Butyrate Induces p21 mRNA Expression. HT-29 human
colon carcinoma cells undergo a G1 cell cycle arrest in response
to sodium butyrate (4). Because the cell cycle inhibitor, p21, is
known to effect a G1 arrest (25), we determined whether p21
levels increased in response to butyrate in HT-29 cells. As
shown in Fig. 1A, p21 mRNA was induced by NaBu, with
maximal effects occurring at the 5 mM concentration and
remaining unchanged up to 20 mM. These concentrations of
butyrate are similar to those normally present within the
mammalian colon.

Fig. 1B shows that p21 mRNA induction by NaBu begins
early (by 2 hr), and the levels remain elevated for up to 24 hr.
Butyrate did not induce mRNA expression of two other cell
cycle inhibitors, p16 and p27 (data not shown). Concomitant
treatment of HT-29 cells with NaBu and the protein synthesis
inhibitor, cycloheximide, revealed that p21 induction by NaBu
is not blocked and, in fact, mRNA levels are slightly higher,

indicating that p21 is induced by butyrate as an immediate-
early gene (Fig. 1C).

p21 mRNA Expression Is Induced by Histone Hyperacety-
lating Agents. Because butyrate is known to cause histone
hyperacetylation, we compared its effects to those of another
histone hyperacetylating agent, TSA, a potent and specific
inhibitor of histone deacetylase. TSA, though a structurally
distinct chemical, like butyrate causes growth arrest and
differentiation of various cell types (26, 27). We found that
TSA induces p21 mRNA expression, with maximal effects
occurring at the 0.3 mM dose (data not shown), a concentration
known to cause histone hyperacetylation (12). Similar to
NaBu, the effects of TSA on p21 occur early, at 1 hr (Fig. 1D),
and are not blocked by concomitant cycloheximide treatment
(Fig. 1E), consistent with an immediate-early mechanism.

p21 Gene Transactivation Is Mediated by Histone Hyper-
acetylation, Independent of p53. Transient transfection assays
then were used to further delineate the mechanism by which
p21 is induced by NaBu and TSA. Plasmids containing the
CAT reporter gene under the control of various portions of the
mouse p21 promoter region (from 0 to 4.7 kb upstream of the
transcriptional start site) were transiently transfected into

FIG. 1. NaBu and TSA induce p21 mRNA expression in HT-29
cells in an immediate-early fashion. (A) Dose response for p21
induction by NaBu. HT-29 cells were treated with various concentra-
tion of NaBu, 0–20 mM for 24 hr, and p21 mRNA expression was
examined by Northern blot analyses. (B) Time course for induction of
p21 by NaBu. Cells were treated with 5 mM NaBu for varying lengths
of time, from 0 to 24 hr, and p21 induction was examined by Northern
analysis. (C) p21 induction by NaBu is not blocked by protein synthesis
inhibition. HT-29 cells were treated concomitantly with 5 mM NaBu
and the protein synthesis inhibitor, cycloheximide (CHX, 10 mgyml),
for 48 hr. (D) Time course for p21 induction by TSA. Cells were
treated with 0.3 mM TSA for varying lengths of time. (E) p21 induction
by TSA is not blocked by protein synthesis inhibition. Cells were
treated concomitantly with 0.3 mM TSA and 10 mgyml CHX for 6 hr.
Representative Northern blots (n 5 4) are depicted in each figure. The
actin control is shown in the lower panel. Twenty micrograms of total
RNA was loaded in each lane, with equal loading verified by ethidium
bromide staining.
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HT-29 cells, and the cells were treated with NaBu or TSA. As
shown in Fig. 2A, both NaBu and TSA induce the p21 promoter
constructs equally, from 1.4 to 4.7 kb, even in those plasmids
lacking the two p53-binding sites, located at 22.85 and 21.95
upstream from the transcriptional start site. These results
indicate that transactivation of the p21 gene by NaBu and TSA
occurs via a cis-element(s) located within 1.4 kb of the
transcriptional start site, in a p53-independent fashion.

The role of histone hyperacetylation in p21 induction was
examined further by cotransfection of a plasmid encoding the
recently cloned mammalian histone deacetylase enzyme 1,
HDAC1. Overexpression of this HDAC1 expression plasmid
by transfection into eukaryotic cells has been shown to cause
an increase in histone deacetylase activity (23). We hypothe-
sized that if p21 induction by butyrate were mediated by

histone hyperacetylation, then overexpression of HDAC1
should block its induction by both NaBu and TSA. As shown
in Fig. 2B, HDAC1 largely blocked induction of the p21
reporter constructs by both NaBu and TSA (74 and 70%,
respectively). This effect was found to be dose-dependent,
because increasing doses of HDAC1 resulted in progressively
greater inhibition in p21 reporter gene activity (data not
shown). For control purposes, HDAC1 was found to have no
effects on the induction of a thyroid hormone-responsive
reporter plasmid and only minimally altered the basal expres-
sion of the control plasmid, SVCAT. In addition, the HDAC1
empty vector had no effect on the p21 CAT reporter gene
expression (data not shown). Thus, it appears that overexpres-
sion of histone deacetylase is specifically able to block induc-
tion of p21 by NaBu and TSA, consistent with a role for histone
hyperacetylation in p21 induction by these agents.

Importance of p21 in Butyrate-Mediated Growth Inhibi-
tion. We next examined the importance of the p21 gene in the
growth inhibition of colon cancer cells by NaBu and TSA. Fig.
3A shows that both NaBu and TSA markedly inhibit the growth
of HT-29 cells as reflected by the dramatic decrease in
3H-thymidine incorporation after 24 hr of treatment, support-
ing the link between histone hyperacetylation and decreased
growth. HT-29 cells were then stably transfected with plasmids
encoding the human p21 gene andyor the neomycin resistance

FIG. 2. Overexpression of histone deacetylase (HDAC1) blocks
induction of the p21 promoter by NaBu and TSA. (A) NaBu and TSA
induce p21 promoter activity. HT-29 cells were transiently transfected
with CAT reporter plasmids under the control of various amounts of
the mouse p21 promoter (0–4.7 kb upstream from the transcriptional
start site). Transfectants were treated without or with 5 mM NaBu or
0.3 mM TSA, and total cellular protein was examined for CAT
expression. Results are shown for the 0-kb (pCAT), 1.4-kb
(p211.4CAT), and 4.7-kb (p214.7CAT) p21 promoter constructs and are
expressed as fold CAT induction compared with the untreated neg-
ative control, arbitrarily taken as 1. (B) Cotransfection of HDAC1
blocks p21 promoter induction by NaBu and TSA. Transfections were
performed with the p214.7 CAT 2y1 HDAC1, and cells were treated
without or with 5 mM NaBu or 0.3 mM TSA. The results are expressed
as fold CAT induction compared with the untreated negative control
(arbitrarily taken as 1). All results are shown as mean 6 SEM (n $ 4,
in all cases).

FIG. 3. NaBu, TSA, and p21 overexpression inhibit growth of
HT-29 cells. (A) NaBu and TSA inhibit growth of HT-29 cells. Cells
were plated at equal density in six-well plates. At 80% confluence, cells
were treated without or with 5 mM NaBu or 0.3 mM TSA for 24 hr.
3H-thymidine (1 mCiyml) was added for the last 6 hr of treatment, and
incorporation was measured by scintillation counting. Treatment
results are expressed as percent change compared with untreated
negative control, arbitrarily taken as 1. (B) p21 overexpression inhibits
growth of HT-29 cells. Cells were stably transfected with an expression
plasmid containing the human p21 gene, and overexpression of the
gene in pooled stable transfectants compared with the parental and
NEO controls (n 5 5 each) was determined by Northern analyses (see
Inset). 3H-thymidine incorporation was measured in exponentially
growing cells under basal conditions, and results are expressed as
percent change compared with parental control, arbitrarily taken as
100%, and are shown as mean 6 SEM (n $ 4, in all cases).
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gene, with pooled transfectants selected by growth in G418
media. Overexpression of the p21 gene was verified by North-
ern blot analysis, which showed an approximate 5- to 10-fold
increase in p21 mRNA expression over controls (see Fig. 3B
Inset). On visual inspection, p21 stable transfectants grew
slowly, and this was confirmed by a 50% decrease in 3H-
thymidine incorporation when compared with parental and
neomycin controls (Fig. 3B). These results provide direct
evidence that p21 overexpression results in growth inhibition
in HT-29 cells, similar to that seen in other cell types (28).

p21 Is Required for Butyrate-Mediated Growth Inhibition.
We next sought to determine whether the p21 gene was an
absolute requirement for the growth inhibition by NaBu and
TSA. For these studies, we used the parent human colon
carcinoma, HCT116 p21 (1y1), along with HCT116 p21-
deleted cells (2y2). These p21-deleted cells, created by
homologous recombination techniques, have been used pre-
viously to demonstrate the importance of p21 in p53-mediated
growth arrest in response to DNA damage (19).

First, we examined the induction of p21 by NaBu and TSA
in the wild-type HCT116 1y1 cells. As in HT-29 cells, there
was an early induction of p21 mRNA in the HCT116 1y1 cells,
in response to both NaBu and TSA treatment (Fig. 4A). As
expected, no mRNA band for p21 was observed in the HCT116
2y2 cells (data not shown).

The importance of p21 induction in mediating the growth
inhibition of the histone hyperacetylating agents then was
assessed. As shown in Fig. 4B, both NaBu and TSA caused
significant decreases in 3H-thymidine incorporation in
HCT116 1y1 cells (53 6 9% and 46 6 2.6%, respectively),
similar to that seen in HT-29 cells (see Fig. 3A). The hetero-
zygote HCT116 1y2 cells also behaved similarly to the
parental HCT116 1y1 cells in that they were growth-inhibited
by NaBu (data not shown). In dramatic contrast, neither NaBu
nor TSA inhibited growth in HCT116 2y2 cells (Fig. 4B).
Similar results were obtained in a different clone of HCT116
2y2 cells (data not shown). To determine the specificity of
this lack of response to the histone hyperacetylating agents, we
exposed both HCT116 1y1 and HCT116 2y2 cells to other
conditions known to arrest cell growth, i.e., 24 hr of serum
starvation or 2 weeks of postconfluent growth. As seen in Fig.

4C, the p21-deleted cells appropriately slowed their growth
under these conditions, with an approximate 50% reduction in
3H-thymidine, similar to the wild-type cells. Taken together,
these data suggest that the p21 gene is critically important in
the growth inhibition induced by the histone hyperacetylating
agents, NaBu and TSA, whereas p21 is not required for growth
arrest induced by either serum starvation or postconfluent
growth.

DISCUSSION

Previous studies examining the protective effect of dietary
fiber on colonic neoplasia have pointed to butyrate as the key
mediator of these effects. This short-chain fatty acid is a
product of fiber fermentation by resident anaerobic bacteria in
the normal colon. In vivo studies using rat models of large
bowel cancer indicate that high-fiber diets that are associated
with high butyrate levels prevent or decrease the incidence of
colon cancers. These findings have been corroborated by in
vitro studies in which butyrate has been shown to slow the
proliferation and promote the expression of phenotypic mark-
ers of differentiation in colon cancer cell lines. Indeed, of all
the short-chain fatty acids studied, butyrate appears to have
the most profound effects on growth inhibition and differen-
tiation (5).

The present data indicate that butyrate achieves its growth
inhibition in colonic cancer cells by transcriptional up-
regulation of the cell cycle inhibitor, p21. The mechanisms that
regulate p21 expression fall into two general categories: those
that are either dependent or independent of the tumor sup-
pressor, p53. p53 appears to be important in p21 activation in
response to signals of cellular stress, e.g., DNA damage by
g-irradiation or nucleotide pool depletion (16, 29). p53 medi-
ates induction of the p21 gene by transcriptional activation via
cis-elements located 1.95 and 2.85 kb upstream from the
transcriptional start site in the mouse and 22.4 kb in the
human p21 gene (18, 28). p53-independent mechanisms of p21
induction and growth arrest have been less extensively studied
but appear to operate under conditions of normal mammalian
development as well as during differentiation of a variety of
cell lines in culture. Emerging data have identified some

FIG. 4. p21 is required for NaBu-induced growth inhibition of colon cancer cells. (A) p21 mRNA is induced early in HCT116 1y1 cells. Cells
were treated at 80% confluence with 1 mM NaBu or 0.15 mM TSA (higher concentrations of either agent led to cell death), and p21 mRNA
expression was examined by Northern analysis. (B) p21 deletion prevents growth inhibition by butyrate and TSA. HCT116 1y1 and 2y2 cells
were treated with 1 mM NaBu or 0.15 mM TSA for 24 hr, and 1 mCiyml 3H-thymidine was added for the last 6 hr of treatment. Incorporation was
measured by scintillation counting. (C) HCT116 2y2 cells are growth-inhibited by serum starvation and postconfluent growth. HCT116 1y1 and
2y2 cells were serum-starved for 24 hr or grown to 2 weeks postconfluence, and 3H-thymidine incorporation was measured. Cells grown in standard
McCoy’s 5A medium with 10% fetal bovine serum and that were preconfluent were used as controls. Results are expressed as percent change
compared with control groups (arbitrarily taken as 1) and are shown as mean 6 SEM (n $ 4, in all cases).
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p53-independent transcriptional activators of p21 and include
MyoD (during myocyte differentiation, ref. 30), STAT 1 (by
interferon g treatment, ref. 31), and, most recently, BRCA1
(32). Our studies show that p21 induction occurs in an imme-
diate-early fashion, independent of p53, and via a cis-
element(s) located within 1.4 kb of the transcriptional start
site. Additional studies will be needed to identify the specific
transcription factors that mediate p21 induction.

Butyrate is known to induce general histone acetylation, but
more specifically, hyperacetylation of the H3 and H4 species,
through a noncompetitive inhibition of the histone deacetylase
enzyme. This action likely occurs in vivo, because in rats fed a
high-fiber diet, high butyrate levels were correlated with
histone hyperacetylation in colonic epithelial cells (33). His-
tone hyperacetylation has been generally associated with areas
of increased transcriptional activity within the genome. Hy-
peracetylation of histones neutralizes their positive charge,
disrupting their ionic interaction with DNA, and thereby
allowing transcription factors to access and activate specific
genes (34). Recent studies have identified a number of tran-
scriptional activators and coactivators possessing histone
acetyltransferase activity, such as Gcn5p and CBPy300, as well
a subunit of the basal transcriptional machinery, TAF11250
(35–37). Conversely, several transcriptional repressors have
been associated with histone deacetylase activity, e.g., Mad
and members of the nuclear receptor superfamily (38–40).
The recent cloning and molecular characterization of human
HDAC1 has made it possible to further analyze the role of
histone hyperacetylation in gene activity. Thus, it appears that
specific genes are targeted for activation or repression by
histone-acetylating or histone-deacetylating activity of specific
transcription factors or cofactors. Little is known, however,
regarding which specific genes are regulated by the process of
histone hyperacetylation, though it has been suggested as an
important regulatory mechanism for some yeast genes and the
human endothelial tissue-type plasminogen activator gene (41,
42). Our data suggest that histone hyperacetylation is at least
partly responsible for the induction of p21, because both
butyrate and the specific inhibitor of histone deacetylase, TSA,
resulted in a similar induction of p21. This model is supported
by the finding that p21 mRNA induction does not require new
protein synthesis (suggesting modification of an already exis-
tent protein that directly mediates changes in p21 gene acet-
ylation state) and that p21 promoter induction by NaBu and
TSA is specifically inhibited by overexpression of the HDAC1.
Although it is not known exactly how HDAC1 works, the
current model is that HDAC1 is targeted to specific genomic
regions by association with specific transcription factors, thus
contributing to repression of these genes (39, 43). It is likely,
therefore, that butyrate and TSA are working to inhibit
HDAC1 at the level of the p21 gene, leading to changes in
chromatin that allow transcriptional activation of this gene. It
is possible that other mechanism(s) also may be playing a role
in p21 induction because HDAC1 was unable to completely
block p21 reporter gene transactivation. Because butyrate is
also known to inhibit the deacetylation of nonhistone proteins
such as high-mobility group proteins (44), it is possible that
other acetylated proteins may be involved in p21 gene regu-
lation. Alternatively, other biochemical effects of butyrate may
be important, e.g., DNA methylation.

Our studies suggest that the cyclin-CDK inhibitors p16 and
p27 may not be important in butyrate-mediated growth arrest
because they were not induced by butyrate. Additionally, our
studies indicate that p21 is not required for two other modes
of growth arrest, i.e., serum starvation and postconfluence
growth. Other cell cycle inhibitors may be important under
these conditions. For example, p27 has been shown to mediate
inhibitory responses under postconfluent conditions in Mv1
Lu Mink epithelial cells (45) and cellular quiescence resulting
from withdrawal of mitogens in T cell clones (46). It is

important to note that though butyrate is known to cause
apoptosis in colon cancer cells, it does not appear that apo-
ptosis is the explanation for the growth inhibition by butyrate
in these studies. Hague et al. (47) have shown that there is
minimal apoptosis in control and butyrate-treated colon can-
cer cells that were adherent, but extensive in those that were
floating. Our 3H-thymidine incorporation assays were per-
formed on adherent cells, and the cell counts were normalized
for total cellular protein content. Also, few cells were observed
to be floating in the media at 24 hr of butyrate (and TSA)
treatment. In addition, Barnard and Warwick (4) showed that the
growth-inhibitory effect of butyrate in HT-29 cells was reversible
upon its removal and that the cells were able to reenter the cell
cycle and proliferate. This suggests that the major growth inhib-
itory effects of butyrate under these conditions (similar to those
in our studies) are not related to apoptosis.

The present studies show that p21 is an absolute requirement
for growth arrest by butyrate. Other investigators have shown
a similar role for p21 in the growth arrest response to other
stimuli, e.g., g-irradiation and, most recently, BRCA1 (21, 32).
Growth of the HCT116 2y2 cells was not inhibited by
butyrate, and in fact, both butyrate and TSA treatment
appeared to potentiate growth. The reason for the observed
increase in HCT116 2y2 cell growth in response to butyrate
is not clear. It is interesting, however, to note that these cells
have been shown to display SyM uncoupling (several rounds of
S phase cycles despite a G2 block) in response to certain
chemotherapeutic agents (48). Nevertheless, our results clearly
indicate the vital role that p21 plays in butyrate-induced
growth arrest in colon carcinoma cells, though other down-
stream gene products may cooperate in mediating this effect.

The results of these studies are of potential clinical interest,
because agents that increase histone hyperacetylation and p21
expression within colon cancer cells may be incorporated into
strategies directed toward the prevention and treatment of
colon cancer.

We would like to thank B. Vogelstein (Howard Hughes Medical
Institute) for providing us the HCT116 cells; T. Jacks for supplying the
p21CAT plasmids; S. Schreiber for providing the HDAC1 plasmid; and
W. S. Silen and J. B. Matthews for criticism and encouragement. This
work was supported by grants from the National Institutes of Health
(DK47186, DK50623, and GM07806).

1. Boring, C. C., Squires, T. S., Tong, T. & Montgomery, S. (1994)
CA Cancer J. Clin. 44, 7–26.

2. Trock, B., Lanza, E. & Greenwald, P. (1990) J. Natl. Cancer Inst.
82, 650–661.

3. McIntyre, A., Gibson P. R. & Young, G. P. (1993) Gut 34,
386–391.

4. Barnard, J. A. & Warwick, G. (1993) Cell Growth Differ. 4,
495–501.

5. Whitehead R. H., Young, G. P. & Bhathal, P. S. (1986) Gut 27,
1457–1463.

6. McIntyre, A., Young, G. P., Taranto, T., Gibson, P. R. & Ward,
P. (1991) Gastroenterology 101, 1274–1281.

7. Riggs, M. G., Whittaker, R. G., Neumann, J. R. & Ingram, V. M.
(1977) Nature (London) 268, 462–464.

8. de Haan, J. B., Gevers, W. & Parker, M. I. (1986) Cancer Res. 46,
713–716.

9. Sealy L. & Chalkley, R. (1978) Cell 14, 115–121.
10. Moore, M., Jackson, V., Sealy, L. & Chalkley, R. (1979) Biochim.

Biophys. Acta 56, 248–260.
11. Hebbes, T. R., Thorne, A. W. & Crane-Robinson, C. (1988)

EMBO J. 7, 1395–1402.
12. Yoshida, M., Kijima, M., Akita, M. & Beppu, T. (1990) J. Biol.

Chem. 265, 17174–17179.
13. Rastl, E. & Swetly P. (1978) J. Biol. Chem. 253, 4333–4340.
14. Yoshida M. & Beppu, T. (1988) Exp. Cell Res. 177, 122–131.
15. Kijima, M., Yoshida, M., Sugita K., Horinouchi, S. & Beppu, T.

(1993) J. Biol. Chem. 268, 22429–22435.
16. Brugarolas, J., Chandrasekaran, C., Gordon, J. I., Beach, D.,

Jacks, T. & Hannon, G. J. (1995) Nature (London) 377, 552–557.

Cell Biology: Archer et al. Proc. Natl. Acad. Sci. USA 95 (1998) 6795



17. Zhang, P., Rawls, A., Sands, A. T., Bradley, A., Olsen, E. N.,
Harper, J. W. & Elledge, S. J. (1995) Science 267, 1024–1027.

18. Macleod, K. F., Sherry, N., Hannon, G., Beach, D., Tokino, T.,
Kinzler, K., Vogelstein, B. & Jacks, T. (1995) Genes Dev. 9,
935–944.

19. Waldman T., Kinzler, K. W. & Vogelstein, B. (1995) Cancer Res.
55, 5187–5190.

20. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter,
W. J. (1980) Biochemistry 18, 5294–5299.

21. Feinberg, A. P. & Vogelstein B. (1983) Anal. Biochem. 132, 6–13.
22. Cleveland, D. W., Lopata, M. A., MacDonald, R. J., Cowan, N. J.,

Rutter, W. J. & Kirschner, M. W. (1980) Cell 20, 95–105.
23. Taunton, J., Hassig, C. A. & Schreiber, S. L. (1996) Science 272,

408–411.
24. Hodin, R. A., Lazar, M. A., Wintman, B. I., Darling, D. S.,

Koenig, R. J., Larsen, P. R., Moore, D. D. & Chin, W. W. (1989)
Science 244, 76–79.

25. Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K & Elledge,
S. J. (1993) Cell 75, 805–816.

26. Yoshida, M., Nomura, S. & Beppu, T. (1987) Cancer Res. 47,
3688–3691.

27. Li, X., Ohannesian, D., Yoshida, M., Beppu T. & Lotan R. (1994)
Proc. Annu. Meet. Am. Assoc. Cancer Res. 35, A3359 (abstr.).

28. El-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B.,
Parsons, R., Trent, J. M., Lin, D., Mercer, W. E., Kinzler, K. W.
& Vogelstein, B. (1993) Cell 75, 817–825.

29. El-Deiry, W. S., Harper, J. W., O’Connor, P. M., Velculescu,
V. E., Canman, C. E., Jackman, J., Pietenpol, J. A., Burrell, M.,
Hill, D. E., Wang, Y., et al. (1994) Cancer Res. 54, 1169–1174.

30. Halevy, O., Novitch, B. G., Spicer, D. B., Skapek, S. X., Rhee, J.,
Hannon, G. J., Beach, D. & Lassar, A. B. (1995) Science 267,
1018–1021.

31. Chin, Y. E., Kitagawa, M., Su, W. C., You, Z. H. & Iwamoto, Y.
& Fu, X. Y. (1996) Science 272, 719–722.

32. Somasundaram, K., Zhang, H., Zeng, Y., Houvras, Y., Peng, Y.,
Zhang, H., Wu, G. S., Licht, J. D., Weber, B. L. & El-Deiry, W. S.
(1997) Nature (London) 389, 187–190.

33. Boffa, L. C., Lupton, J. R., Mariani, M. R., Ceppi, M., Newmark,
H. L., Scalmati, A. & Lipkin, M. (1992) Cancer Res. 52, 5906–
5912.

34. Grunstein, M. (1997) Nature (London) 389, 349–352.
35. Kuo, M., Brownell, J. E., Sobel, R. E., Ranalli, T. A., Cook, R. G.,

Edmonson, D. G., Roth, S. Y. & Allis, C. D. (1996) Nature
(London) 383, 269–272.

36. Ogryzko, V. V., Schiltz, R. L., Russanova, V., Howard, B. H. &
Nakatani, Y. (1996) Cell 87, 953–959.

37. Mizzen, C. A., Yang, X. J., Kokubo, T., Brownell, J. E., Bannister,
A. J., Owens-Hughes, T., Workman, J., Wang, L., Berger, S. L.,
Kouzarides, T., et al. (1996) Cell 87, 1261–1270.

38. Hassig, C. A., Fleischer, T. C., Billin, A. N., Schreiber, S. L. &
Ayer, D. E. (1997) Cell 89, 341–347.

39. Nagy, L., Kao, H. Y., Chakravarti, D., Lin, R. L., Hassig, C. A.,
Ayer, D. E., Schreiber, S. L. & Evans, R. M. (1997) Cell 89,
373–380.

40. Heinzel, T., Lavinsky, R. M., Mullen, T. M., Soderstrom, M.,
Laherty, C. D., Torchia, J., Yang, W. M., Brard, G., Ngo, S. D.,
Davie, J. R., et al. (1997) Nature (London) 387, 43–48.

41. Durrin, L. K., Mann, R. K., Kayne, P. S. & Grunstein, M. (1991)
Cell 65, 1023–1031.

42. Arts, J., Lansink, M., Grimbergen, J., Toet, K. H. & Kooistra, T.
(1995) Biochem. J. 310, 171–176.

43. Hopkin, K. (1997) J NIH Res. 9, 34–37.
44. Sterner, R., Vidali, G., Heinrikson, R. L. & Allfrey, V. G. (1978)

J. Biol. Chem. 253, 7601–7604.
45. Polyak, K., Kato, J. Y., Solomon, M. J., Sherr, C. J., Massague,

J., Roberts, J. M. & Koff, A. (1994) Genes Dev 8, 9–22.
46. Nourse, J., Firpo, E., Flanagan, W. M., Coats, S., Polyak, K., Lee,

M. H., Massague, J., Crabtree, G. R. & Roberts, J. M. (1994)
Nature (London) 372, 570–573.

47. Hague, A., Manning, A. M., Hanlon, K. A., Huschtscha, L. I.,
Hart, D. & Paraskeva, C. (1993) Int. J. Cancer 55, 498–505.

48. Waldman, T., Lengauer, C., Kinzler, K. W. & Vogelstein, B.
(1996) Nature (London) 381, 713–716.

6796 Cell Biology: Archer et al. Proc. Natl. Acad. Sci. USA 95 (1998)


